Purpose To determine the precise anatomy and magnetic resonance (MR) imaging appearance of the chiasma crurale in cadavers, paying special attention to degenerative changes Material and methods Twelve fresh human ankles were harvested from 11 nonembalmed cadavers (mean age at death 77 years) and used according to institutional guidelines. MR imaging and MR tenography were used to investigate the anatomy of the chiasma crurale using proton density-weighted sequences. The gross anatomy of the chiasma crurale was evaluated and compared to the MR imaging findings. Histology was used to elucidate further the structure of the chiasma crurale. Results Above the chiasma, five specimens had a small amount of fat tissue between the tibialis posterior and flexor digitorum longus tendon. In all specimens both tendons had a sheath below the chiasma but not above it. At the central portion of the chiasma there was no soft tissue between the tendons, except in two specimens that showed an anatomic variant consisting of a thick septum connecting the tibial periosteum and the deep transverse fascia of the leg. In MR images, eight specimens showed what were believed to be degenerative changes in the tendons at the level of the chiasma. However, during gross inspection and histologic analysis of the specimens, there was no tendon degeneration visible. Conclusion At the central portion of the chiasma, there is no tissue between the tibialis posterior and flexor digitorum longus tendons unless there is an anatomic variant. At the chiasma crurale, areas with irregular tendon surfaces are normal findings and are not associated with tendon degeneration (fraying).
Introduction
The term chiasma crurale designates the crossing of the posterior tibialis tendon (PTT) and flexor digitorum longus tendon (FDLT) at the posteromedial aspect of the lower leg. The tibialis posterior muscle originates lateral to the flexor digitorum longus muscle on the inner posterior borders of the tibia and fibula and in the interosseous membrane. The flexor digitorum longus muscle arises from the posterior surface of the tibia, immediately below the popliteal line and medial to the origin of the tibialis posterior muscle. Hence, above the chiasma crurale, the PTT is located lateral to the FDLT. At the level of the ankle joint, the FDLT is located lateral to the PTT. Both the PTT and FDLT migrate toward their respective distal locations: the PTT moves medially, while the FDLT moves laterally and posteriorly to assume a position lateral to the PTT [1, 2] .
Based on the documentation of clinical syndromes that arise at points of tendon intersection, such as the intersection of the tendons of the first and second dorsal extensor tendon compartments of the wrist (intersection syndrome of the forearm), tendons appear to be resistant to tensile forces and compression but are sensitive to friction [3] [4] [5] [6] [7] [8] [9] . Therefore, tendons are often protected by a tendon sheath or paratenon wherever increased friction might occur [10] . Without these protective tissues, or in diseases affecting these tissues, such as tenosynovitis, crossing tendons are prone to degeneration and tears [11] .
Owing to the crossing of the PTT and FDLT, one would expect that the chiasma crurale might be a site of friction that potentially could lead to degenerative changes. Furthermore, at this location, these tendons often appear flattened in magnetic resonance (MR) images, with an irregular tendon surface that suggests degenerative fraying. To our knowledge, there have been only two previous investigations that have dealt with the chiasma crurale, neither of which provides a detailed description of its anatomy or degenerative changes [12, 13] . Furthermore, in MR images, tissue is often visible between the two tendons, raising the possibility of a tendon sheath that, if present, might promote gliding movements of the two tendons and decrease the likelihood of tendon degeneration.
The aim of our study was to determine the precise anatomy and MR imaging appearance of the chiasma crurale in cadavers, paying special attention to the occurrence of degenerative changes.
Materials and methods

Cadaver and specimen preparation
Twelve fresh human ankles were harvested from 11 nonembalmed cadavers (four women, seven men; age range at death 47-90 years; mean age at death 77 years). The specimens were derived from lower legs cut through the middle of the calf and included the ankle joint and the entire foot. All specimens were immediately deep-frozen at −40°C (Forma Bio-Freezer; Forma Scientific, Marietta, OH, USA). Before undergoing MR imaging, the specimens were allowed to thaw for 24 h at room temperature.
MR imaging
MR Imaging was performed with a 1.5 T MR system (Signa; GE Healthcare Technologies, Milwaukee, WI, USA). An eight-channel receive-only general-purpose flex coil (Flex coil small; Medical Advances, Milwaukee, WI, USA) was employed. The coil was wrapped around the distal lower leg, and the specimens were placed in a gantry in a position that was analogous to that of a supine patient whose foot was in a neutral position without plantar flexion or dorsiflexion.
Proton density-weighted (PDw) spin-echo sequences [repetition time (TR) 3,000 ms; echo time (TE) 30 ms; field of view (FOV) 10 cm×10 cm; matrix 512 pixels× 512 pixels; number of excitations (NEX) 4; slice thickness (th) 2 mm; interslice spacing (d) 0 mm; echo train length (ETL) 6; bandwidth (BW) ±25 kHz] were acquired without fat saturation in the transverse, sagittal, and coronal planes. Additionally, a T1-weighted (T1w) spin-echo sequence (TR 500 ms; TE 13 ms; FOV 10 cm × 10 cm; matrix 512 pixels×512 pixels; NEX 4; th 2 mm; d 0 mm; ETL 2; BW ±25 kHz) without fat suppression was acquired in the transverse plane.
MR tenography
With sonographic guidance, a fellowship-trained musculoskeletal radiologist placed a 22-gauge (0.7 mm×40.0 mm) needle directly through the skin from a posteroinferomedial approach between the PTT and FDLT, slightly distal to their crossing, with the needle advanced until it was located adjacent and parallel to the PTT. The position of the tip of the needle was verified by the linear dispersion of an initially injected small amount of contrast medium within the tendon sheath of the PTT. Subsequently, 6 ml of a solution of 1 mol/l gadopentetate dimeglumine (Magnevist; Bayer-Schering, Berlin, Germany) diluted in 250 ml of saline solution was injected.
MR imaging was then performed immediately, with the specimen positioned in exactly the same way as before tenography, and identical non-fat-suppressed PDw sequences were acquired as before tenography. Additionally, PDw fatsaturated spin-echo sequences (TR 3,000 ms; TE 30 ms; FOV 10 cm×10 cm; matrix 512 pixels×512 pixels; NEX 4; th 2 mm; d 0 mm; ETL 6; BW ±25 kHz) were acquired in the same transverse, sagittal, and coronal planes as before tenography.
Radiologic-anatomic correlation
Immediately after imaging, the specimens were frozen at −40°C for at least 2 days. All specimens were sliced with a band saw into 4 mm-thick pieces. One specimen was cut in the coronal plane, two specimens in the sagittal plane, and seven specimens in the transverse plane. Photographs and conventional radiographs of each slice were obtained. The anatomic slices and MR images were simultaneously inter-preted in consensus by two fellowship-trained musculoskeletal radiologists.
The proximal limit of the chiasma crurale was defined from the proximal axial images as the most proximal level at which the distance between the two tendons was less than 1 mm. The center of the chiasma crurale was defined from the axial images as the level at which the FDLT was located directly posterior (in the same sagittal plane) to the PTT. The distal limit of the chiasma crurale was defined as the level of the ankle joint. The positions of the proximal limit and center of the chiasma crurale were measured with reference to the level of the ankle joint using a DICOM viewer (OsiriX, version 3.2.1, The OsiriX Foundation, Geneva, Switzerland). Furthermore, the level at which the last muscle fibers were seen and the most proximal level at which there was a tendon sheath around the tendons were determined and the distance between each of the levels and the ankle joint was measured.
In all specimens the anatomy was evaluated at the proximal limit, the center, and the distal limit of the chiasma. The cross-sectional areas of the PTT and FDLT were measured (OsiriX, version 3.2.1) and compared to each other. Both tendons of the chiasma were carefully inspected for degenerative changes. Superficial tendon irregularity was evaluated at the proximal limit and center of the chiasma crurale, and at the level of the ankle joint. Irregularity was rated from 1 to 3 on a continuous scale: 1, mild irregularity; 2, moderate irregularity; 3, severe irregularity. Partial or complete tendon tears were noted. Changes in signal intensity in the substance of the tendon were noted as present or absent. The maximum width of fluid around the tendons was measured in the images that were acquired before tenography. Additionally, the soft tissues and muscle tissue about the chiasma crurale were investigated. All MR imaging findings were correlated with anatomic observations.
Histology
Five histological samples were obtained from the proximal limit, the center, and the distal limit of the chiasma. Additional samples were harvested whenever tissue was found between the two tendons. Immediately after removal, all samples were Table 2 Cross-sectional area of the tendons at different locations around the chiasma crurale. The proximal limit of the chiasma was defined as the most proximal level at which the distance between the two tendons was <1 mm. The center of the chiasma was defined as the level at which the flexor digitorum longus tendon (FDLT) was exactly posterior (in the same sagittal plane) to the tibialis posterior tendon (PTT). SD standard deviation Table 2 Cross-sectional area of the tendons at different locations around the chiasma crurale. The proximal limit of the chiasma was defined as the most proximal level at which the distance between the two tendons was <1 mm. The center of the chiasma was defined as the level at which the flexor digitorum longus tendon (FDLT) was exactly posterior (in the same sagittal plane) to the tibialis posterior tendon (PTT). SD standard deviation placed in buffered 10% formalin and stored in a refrigerator at 5°C. For histologic preparation, the samples were removed from the refrigerator and thoroughly washed in tap water. Then, they were embedded in paraffin, cut into 2-4 μm sections in a transverse plane, and stained with hematoxylin and eosin (HE).
A senior pathologist performed all histologic examinations using a high-quality light microscope (Olympus BX41, Olympus Inc., Center Valley, PA, USA). On all slides, the tendon structure was assessed and degenerative changes in and around the tendons were sought. Special attention was paid to the presence of tissue located between the tendons and to the presence of a tendon sheath.
Results
At the chiasma crurale the FDLT crossed the PTT from the medial side proximally to the posterior aspect of the PTT, and to its lateral side distally (Fig. 1) . In axial images, with reference to 12 o'clock anteriorly and 3 o'clock medially, the FDLT was at the 4 o'clock position at the proximal limit of the chiasma, crossed the posterior aspect of PTT, and assumed a final distal position of 8 o'clock at the level of the ankle joint. These findings were identical in all specimens.
The proximal limit of the chiasma crurale was 62 mm (range 51-72 mm; standard deviation 6.2 mm) above the joint line of the ankle. The center of the chiasma crurale was 42 mm (range 30-52 mm; standard deviation 7.5 mm) above the ankle joint (Table 1) . Given the intimate course of the PTT and FDLT over a relatively long distance of approximately 60 mm on average, the sagittal and coronal MR images were of limited use for the evaluation of the chiasma crurale. However, in the axial images, the anatomy was well visualized.
Both tendons showed a long myotendinous junction, with the tendons forming at the medial aspect of both muscle bellies. The most distal fibers of the tibialis Fig. 2 Histologic findings at the chiasma crurale on HE-stained slices. a Axial slice at the level of the center of the chiasma crurale.
Between the PTT (T) and FDLT (F), there is no tissue (arrowheads).
The linear structures next to the tendons (arrow) are the artificially partly detached peritenon. The tendons are held in place by fine septa (thick arrows) that join the adjacent periosteum. b In another specimen slightly below the center of the chiasma crurale, the tendon sheaths are evident as fine linear structures (arrowheads) between the tendons with adjacent fat tissue (arrows). T PTT, F FDLT Fig. 3 Irregular tendon surface in proton density-weighted MR images at the chiasma cruris. a Slightly above the center of the chiasma, the surfaces of the PTT (T) and FDLT (asterisk) are smooth (arrowheads). A tail of the PTT is evident (black arrow). b At the level of the center of the chiasma, there is slight irregularity of the tendons surface (arrowheads). Both tendons have tails (white and black arrows), whereas the FDLT (asterisk) has the shape of a hood (white arrow). T, PTT. c In another specimen at the level of the center of the chiasma cruris, there is severe irregularity of the tendon surfaces (arrowheads) of the PTT (T) and FDLT (asterisk). Histology did not show tendon fraying in any of these specimens posterior muscle were seen 32 mm (range 16-44 mm; standard deviation 10.3 mm) above the ankle joint, clearly extending distal to the center of the chiasma crurale, and, in two specimens, even to the level of the tendon sheath. The most distal fibers of the flexor digitorum longus muscle were seen 4 mm (range −10 mm to 19 mm; standard deviation 7.3 mm) above the ankle joint. They reached the level of the tendon sheath in all specimens. Each of these findings was visible in the axial MR images.
On average, the tendon sheaths began 23 mm above the ankle joint (range 15-22 mm; standard deviation 6.2 mm) and extended inferior to the center of the chiasma crurale in all specimens.
The profile of the tendons changed considerably, depending on the location, owing to the proximity and contact of the two tendons and to the myotendinous junction ( Fig. 1) . At the proximal limit of the chiasma crurale, the PTT demonstrated a round to elliptical shape, with the long diameter in the sagittal plane and with a comet-shaped slim anterolateral extension. This extension was formed by additional tendon slips from the very distal musculotendinous junction that joined the major tendon.
At the same level, the FDLT also showed an elliptical shape, with its long diameter in the sagittal plane. The mean cross-sectional areas at the proximal limit of the chiasma crurale were 23. 4 (Table 2) . At the level of the center of the chiasma crurale, the PTT demonstrated a round to rectangular shape, with a small 'comet tail' sometimes visible. At this level, the FDLT had a triangular shape, with its base sitting on the surface of the PTT. In three specimens, there was an additional small extension arising from the top of the triangle opposite the PTT, leading to a shape reminiscent of a hood. As in the PTT, this extension was built by additional tendon slips from the very distal musculotendinous junction that joined the major tendon.
The mean cross-sectional areas of the two tendons were 24. 9 2 ) for the FDLT. All cross-sectional areas of the PTT and FDLT increased along their course in a proximal to distal direction. In MR images, the various tendon shapes were easily seen.
The anatomy above and below the center of the chiasma was considerably different. Above the center of the chiasma, there was only a fine layer of fat tissue between the tendons, which was seen in five specimens. This layer thinned distally and eventually vanished at a level clearly higher than that of the center of the chiasma. The tendon surface was shiny, regular and smooth in all specimens, and there was no evidence of superficial degenerative fraying of the tendon. The MR images also showed no tendon abnormalities at this level. Table 3 Degenerative changes at the chiasma crurale as seen on MR imaging. Superficial tendon fraying: 0 none, 1 mild, 2 moderate, 3 severe. Changes in signal intensity in the tendons at the chiasma: 0 no, 1 yes. Soft tissue edema around the tendons: 0 no, 1 yes. PTT posterior tibialis tendon, FDLT flexor digitorum longus tendon
At the center of the chiasma crurale, there was no tissue visible between the two tendons during gross anatomic inspection and histologic analysis (Figs. 1 and 2) . Histologically, there was slight irregularity of the tendon surface in five cadavers (Fig. 2) . However, the peritenon was always intact and there were no evident degenerative changes to the tendon fibers. Grossly, the tendons appeared shiny and smooth in all specimens. In MR images, in contrast to the histologic findings, the surface of both tendons was irregular and appeared to be frayed in the majority of the specimens (Fig. 3, Table 3 ).
Below the center of the chiasma crurale, a separate sheath for each tendon was evident. Both tendon sheaths began at the same level above the ankle joint in all specimens. Both tendons were spanned by the most distal part of the deep transverse fascia of the leg (deep layer of the fascia cruris) (Fig. 1) . Subjacent to the deep transverse fascia, a fine septum reached to the periosteum of the tibia and separated the spaces for the PTT and FDLT tendons. Another fine septum arose from the periosteum at the posterior aspect of the distal tibia posterolateral to the FDLT, passed around the FDLT, and joined the deep transverse fascia of the leg (Fig. 1) . At this level, we found no degenerative changes anatomically or histologically or on analysis of the MR images.
In two specimens there was an additional thick septum between the tendons (Fig. 4) . It arose from the deep transverse fascia of the leg, slightly below the center of the In eight specimens there was fluid around both tendons in the images that were acquired before tenography (Table 3) . These collections were more pronounced distal to the center of the chiasma crurale and were within the tendon sheath, but the fluid also extended to the center and proximal part of the chiasma crurale. Distally, the fluid was encountered to the level of the ankle joint space in all specimens. The presence of fluid around the tendons was not associated with any other pathologic changes. We found no partial or complete tendon tears and no alteration in signal intensity within the substance of the tendon. Further, no soft tissue edema was detected around the tendons, and the tendon sheath was never thicker than 1 mm. No connections between the two tendons were detected.
Discussion
The term chiasma crurale designates the acute-angled intersection of the FDLT and the PTT at the posteromedial aspect of the distal lower leg. Owing to the long myotendinous junction, the intersection involves both the tendons and the most distal muscle fibers of the tibialis posterior and flexor digitorum longus. Additional tendon slips from the very distal musculotendinous junction that join the major tendon are easily recognized as extensions of the PTT and FDLT.
Analogous to the intersection syndrome of the forearm, where the tendons of the first (abductor pollicis longus and extensor pollicis brevis) and second (extensor carpi radialis longus and extensor carpi radialis brevis) dorsal extensor tendon compartments of the wrist intersect, we anticipated finding degenerative changes in the PTT and FDLT at the chiasma crurale. However, the intersection syndrome at the forearm is rare and is considered to be an overuse syndrome [3, [14] [15] [16] . Thus, we did not expect to find frank inflammation at the chiasma crurale, but rather some friction-related changes on the surfaces of the tendons, a finding that we often suggested upon analysis of clinical MR imaging examinations. Indeed, irregularity of the tendon surface in the center of the chiasma crurale was detected in MR images in approximately 80% of the specimens in this investigation. However, on histologic analysis, there was not one instance of superficial fraying of either the PTT or the FDLT, and the most superficial layer of the tendon (i.e., peritenon) was intact in all specimens. Additionally, there were no degenerative changes seen anatomically. Thus, we concluded that the irregularities of the tendon surface evident in MR images should be regarded as normal, as they do not reflect true degenerative changes.
Except for a small layer of fat, no tissue was found between the tendons in the majority of the specimens. However, in two specimens, an anatomic variant was detected, consisting of a thick septum coursing between the tendons and connecting the deep transverse fascia of the leg with the periosteum at the posterior aspect of the distal tibia. The number of specimens in this study was too small to allow us to determine the frequency of this finding, although the observed frequency was 16% in our cadavers. No other anatomic variants were found.
There was fluid around the PTT and FDLT in eight of our specimens. However, there were no tendon tears or other soft tissue abnormalities. This finding is consistent with those of Nazarian et al. [17] and Schweitzer et al. [18] , who stated that fluid around these tendons can be a sign of tendon tears but can also occur without any pathologic change. The prevalence (80%) of fluid accumulations around the tendons was much higher than expected. In some of the specimens the fluid could also be a result of the freezing and thawing of the specimens and, therefore, not associated to any kind of abnormality.
Our study was limited by the small numbers of specimens and histological samples. All images of the specimens were acquired with the ankle joint in a neutral position. To the best of our knowledge, there has been no publication that dealt with positional changes of the PTT and FDLT at the chiasma crurale with plantar flexion and dorsiflexion of the ankle. Hence, it is not known whether the tendon surfaces having contact in the neutral position are the same in plantar flexion and dorsiflexion of the ankle, nor how the anatomy changes in these positions.
In conclusion, the anatomy of the chiasma crurale can be visualized in depth in axial MR images. There is no tissue between the PTT and FDLT, except for a small layer of fat, unless an anatomic variant is present. Despite the rationale that intersecting tendons are prone to excessive frictional forces, no pathologic findings of either the PTT or FDLT were found in our specimens, and changes on MR images that suggest tendon degeneration at the chiasma crurale might be misleading.
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